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Introduction

The global focus on the sustainable use of Earth’s natural
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The electrodeposition-redox replacement (EDRR) process is a promising method for a selective extraction
of minor metals from complex mixtures. When it is performed in a benign medium (such as sodium chlor-
ide solution or deep eutectic solvent), the EDRR method provides a non-toxic alternative for a conven-
tional cyanide-based process. The detailed reaction mechanisms of the EDRR in Cu—-Au systems, as well
as the effect of the reaction medium are elucidated in this article. Electrogravimetric studies show that the
EDRR process comprises three distinct stages: (1) deposition of Cu at a constant applied potential; (2) dis-
solution of deposited Cu at open circuit conditions in reaction with dissolved species in solution; (3)
reduction of Au to elemental form in reaction with various Cu species. It is discovered that the recovery of
Au takes place surprisingly via both the redox replacement between Cu and Au at the surface and the
homogeneous Au reduction by Cu(i) species in solution. Both of these reaction pathways are facilitated by
open circuit conditions (redox replacement step) between electrodeposition cycles and the utilization of
other sacrificial elements in the solution is crucial. The use of aqueous chloride solution is advantageous
over 1:2 ChClL: EG for the increased Au recovery (94.4%) and the purity of the product (93.7%), although
it consumes slightly more electricity. Therefore, the EDRR enables energy and resource efficient selective
extraction of Au from multi-metal industrial solutions even when it is present at low concentrations.

framework in mind, the electrodeposition-redox replacement
(EDRR) method has been introduced for selective recovery of
gold,”® silver,”'® and platinum'' from complex industrial

resources, especially non-renewables like metals and minerals,
demands that the concepts of circular economy be realized on
an industrial scale."”* The use of raw materials - both primary
and secondary - must be performed with low energy
and chemical consumption, and with minimum waste
accumulation.>* At the same time, the renewable energy has
become more affordable and easily available making electro-
chemical metal recovery methods a feasible option to reduce
the carbon footprint of extractive industry.>® With this
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effluents. It has also been studied for its versatility and ability
to create functional surfaces directly from industrial process
solutions.'>'? Nevertheless, the process mechanism is cur-
rently only understood on a phenomenological level and more
detailed investigations into the reactions involved has not
been carried out yet. In this paper, the underlying mechanism
of the gold recovery from copper containing solutions - includ-
ing both aqueous and deep eutectic solvents — by EDRR is
explored for the first time. Such an in-depth understanding is
essential when it comes to the exploitation of EDRR’s full
potential, the main goal being the sustainable recovery of gold
from solutions which contain precious metals only in trace
amounts and other base metals (e.g., copper) as major
elements.

Following the principles of green engineering,'* sustainable
gold production also encourages the development of eco-
friendly, non-toxic extractants to replace commonly used
cyanide.'>'® Chloride-based processes of gold leaching have
proven their efficiency and are considered a viable alternative
to conventional hydrometallurgical technologies."”'® The
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efficient extraction of gold in aqueous chloride solutions is
possible even with minor reagent addition.’® However, in
some regions of the world, water is viewed as a critical
resource, and reducing its consumption is one of key require-
ments for a sustainable development.>***' Among non-aqueous
lixiviants, the environmentally benign deep eutectic solvents
(DESs) are the subject of significant research from a metallur-
gical perspective.””** Their wide electrochemical window
makes DESs especially advantageous in deposition and plating
applications for metals with low reduction potential, such as
aluminum, chromium, zinc and nickel.>*">” In addition, DESs
enable precious metals to be oxidized at lower overpotentials,”®
and are thus preferred in leaching applications.”**?

In this paper, the effects of solvent’s physicochemical pro-
perties, such as metal speciation and mass transport, on the
efficiency of the EDRR method were investigated in aqueous
chloride solution and in deep eutectic mixture of choline
chloride with ethylene glycol in 1:2 molar ratio (1:2
ChCl: EG). Moreover, the concentration of chloride ions in
this DES is ca. 4.8 M, which is similar to commonly used in
hydrometallurgical gold recovery processes,***® and therefore
it makes the comparative study of these two systems from the
EDRR perspective justified.

Experimental
Chemicals

The aqueous solution was prepared by mixing AuCl,
CuCl,-2H,0 and NacCl in deionized water to obtain the follow-
ing concentrations: 5 x 107" M Au, 6 x 107> M Cu and 4.5 M
Cl™. HCI was added to maintain pH below 3. This Cu: Au ratio
of 120:1 was selected based on previous investigations that
simulated gold chloride leaching solutions.” DES solution was
made by mixing choline chloride (CH3);NC,H,OHCI (ChCl)
with 1,2-ethanediol HOCH,CH,OH (EG) in a molar ratio of
1:2 and then gold and copper chloride salts were added in
order to obtain the same concentrations as present in the
aqueous solution. All chemicals were of reagent grade (Sigma
Aldrich, USA). The concentration of dissolved oxygen was
measured in both chloride-containing solutions prior to
experiments with a Clark-type polarographic sensor and it was
1.56 mg 17" in aqueous 4.5 M NaCl solution and 1.32 mg 1™ in
1:2 ChCl: EG.

Electrodeposition-redox replacement method

The EDRR method - previously described in more detail” -
includes two consecutive stages that are repeated N times:

« electrodeposition (ED) stage - the potentiostatic depo-
sition of copper at potential Eg4cp, for a short time tgp;

« redox replacement (RR) stage - when the system is
switched to open circuit conditions for a time ¢zg to allow
redox replacement between gold and copper.

Actual values of the EDRR process parameters Eqep, tgp, trr
are dependent on the solution composition and for aqueous
solution, the parameters were based on previous research.” For
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Table 1 Process parameters for the EDRR experiments

trr(S) N

600 50

tep (S)

—0.35 10
—0.45

Solution Eqgep (V vs. Ag/AgCl)

Aqueous 4.5 M NaCl
1:2 ChCl: EG

1:2 ChCl: EG solution, the E4.p, value can be identified from
the copper deposition range in cyclic voltammetry (CV), while
tep and tgr are kept the same as for the aqueous solution
(Table 1).

Electrochemical quartz-crystal microbalance experiments

EQCM experiments were performed in a three-electrode cell
with the Gamry eQCM 10 MHz resonator controlled by a
Reference 600 potentiostat (Gamry Instruments, USA). A
10 MHz platinum coated AT-cut quartz crystal (surface area:
0.21 cm®) was used as a working electrode and platinum foil as
a counter electrode (area: 3 cm?). The measurements in
aqueous solutions were conducted with the standard Ag/AgCl
(sat. KCl) reference electrode (0.197 V vs. SHE, SI Analytics,
Germany), whereas in non-aqueous the reference electrode
consisted of a silver wire immersed in a 0.1 M solution of AgCl
in 1:2 ChCl:EG and separated from the electrochemical cell
by a Vycor glass frit to allow for the mobility of the ions. For
the consistency of reporting, all the potential values in the
figures and text are brought to the same basis following the
procedure described by Frenzel et al®” and referred vs. Ag/
AgCl.

According to the Sauerbrey equation,®® a frequency shift Af
of the quartz crystal is proportional to the mass change Am on
the electrode:

Af =—Cr-Am (1)

For an AT-cut 10 MHz quartz crystal with an active surface
area of 0.21 cm?, the constant equals C¢ = 1.1 Hz ng™". On the
other hand, assuming that only faradaic processes occur
during the deposition, the mass recovered on the electrode
can be related to the amount of charge Q passed during depo-
sition time ¢gp through Faraday’s law:

_o

Am =
zZF

(2)
where M is the molar mass of the deposit, z is number of elec-
trons and F = 96485 C mol ' is the Faraday constant.
Combining eqn (1) and (2), the ratio M/z can be calculated:

M Af F

oG )

Rotating ring-disk electrode measurements

Rotating ring-disk electrode (RRDE) measurements were per-
formed with a variable speed set-up (MSR, Pine Research, US):
the platinum disk (area: 16.4 mm?*) mounted in Teflon was sur-
rounded by a platinum ring (3.6 mm?*) with a 180 pm gap

This journal is © The Royal Society of Chemistry 2020
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between them, resulting in the set-up of two working electro-
des, hereafter referred to as a disk electrode and a ring elec-
trode. The counter electrode was a platinum mesh and refer-
ence electrode Ag/AgCl (0.197 V vs. SHE, SI Analytics,
Germany). The disk electrode was held at —0.35 V vs. Ag/AgCl
for 1 min before the potential was set to Ep, = 0.1 V vs. Ag/AgCl.
At the same time the amperometric measurement was started
at the ring electrode with constant oxidizing potential Er =
0.65 V vs. Ag/AgCl. Apparent collection efficiency N,p, of the
RRDE is the ratio of the current at the ring i; to the current at
the disk electrode ip:

(4)

iR ;
Napp = 4 x 100%

Process efficiency evaluation

The composition and morphology of the surface were analyzed
with a Zeiss Sigma 300 scanning electron microscope (SEM)
equipped with an EDX detector (Carl Zeiss Ltd, UK).
The applied acceleration voltage and the beam intensity were
5 kv and 0.2 nA, respectively. Metal recoveries were calculated
from the inductively coupled plasma mass-spectroscopy
(iCAP Q, Thermo Scientific, USA) assays of the solutions
before and after the EDRR experiments. As the potential was
applied to the cell only during the deposition step, the specific
energy consumption w, kW h kg™, can be calculated as
follows:

W= Q * Ecell
3600 - may

(5)

where E. is the cell voltage between working and counter
electrodes, and m,, is the mass of recovered gold.

—-= 4.5M NaCl
41 — 1:2 ChCLEG

w

N

=5

Current density (mA/cm?)
o

06
Potential (V vs. Ag/AgCl)

03 00 03 06 09 12
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Results and discussion
Speciation of gold and copper in chloride solutions

Cyclic voltammograms (CV) recorded in both aqueous 4.5 M
NaCl and 1:2 ChCl: EG solutions containing 60 mM Cu and
0.5 mM Au display similar features (Fig. 1a), i.e. reduction and
oxidation peaks of copper and gold, although their positions
are slightly shifted. Lower cathodic limit of stability exists in
the 1:2 ChCl: EG solution around —1.2 V vs. Ag/AgCl, while
hydrogen evolution onset in the aqueous solution occurs
already at —0.6 V vs. Ag/AgCl, providing the stability limit of
this solution.

In the case of EDRR, the difference between the reduction
potentials of the sacrificial metal, e.g. copper, and the metal
being recovered, i.e. gold is an important parameter, affecting
the overall efficiency of the process.” In theory, the further
apart these two potentials are (and assuming no other steps or
species), the bigger the driving force is for the redox replace-
ment reaction.?® However, the lower the reduction potential of
the sacrificial metal, the higher are the cell voltage and energy
consumption for the deposition. Therefore, all of these poten-
tials affect greatly the efficiency of EDRR. Fig. 1a shows that in
both solutions the potential difference between copper and
gold reduction peaks is nearly the same, about 0.85 V vs. Ag/
AgCl, albeit their positions in 1:2 ChCl: EG have moved in a
cathodic direction, and the cupric/cuprous reaction is partially
overlapping with the gold reduction peak. The absolute values
of open circuit potential (OCP) are different in two systems
(0.51 V vs. Ag/AgCl in 1:2 ChCl: EG against 0.69 V vs. Ag/AgCl
in aqueous solution), but in both cases it falls in the region
where copper(1) and gold(i) species are the dominant species
in the solution.

The speciation of copper and gold in aqueous chloride solu-
tions has been extensively researched in past decades,’*™** and
it was found that the prevailing copper chlorocomplexes in 4.5

b) 12. e —
=
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- gl ! ' AuCl;
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S 06 | ;
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p

Fig. 1 (a) Cyclic voltammogram of 60 mM Cu + 0.5 mM Au in aqueous 4.5 M NaCl and 1: 2 ChCLl: EG solutions, scan rate 20 mV s™*. (b) Pourbaix
diagram for aqueous Au—Cu—Cl system at 25 °C ([Au] = 0.5 mM, [Cu] = 60 mM, [Cl] = 4.5 M), generated in HSC Chemistry 10 software.
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M NaCl brine are CuCl,° and CuCl;>", whereas gold is mostly
present as AuCl, . The predominance regions of these species
are illustrated in the Pourbaix diagram (Fig. 1b) and it corro-
borates the assignment of electrochemical processes to the
peaks seen in the voltammogram, which could thus be
expressed by following half-reactions:

AuCl,” +e 2 Au+2Cl- (6)
CuCly(aq) + ClI™ + e~ 2 CuCly*~ (7)
CuCl;*>” +e 2 Cu+3Cl~ (8)

Although the chloride content in 1:2 ChCl: EG is similar
to that of aqueous 4.5 M NaCl solution, the speciation of
metals differs due to lower concentration of available water
ligands.*® The dominant species in this case are CuCl,*>~ and
AuCl,”, along with CuCl,” for monovalent copper.***®
Therefore, the reactions according to eqn (6) as well as eqn (9)
and (10) can be associated to the corresponding peaks in 1:2
ChCl: EG solution:

CuCl,®>” +e~2 CuCly™ +2CI~ (9)

CuCl,” +e~2 Cu + 2C1- (10)

Electrogravimetric study

The electrochemical quartz crystal microbalance (EQCM) is a
powerful tool to study both faradaic and gravimetric aspects of
electrochemical reactions simultaneously, and it is often used
to study metal deposition and dissolution processes.””™*°
Theoretical background of the method is comprehensively
described in the literature®*>> that makes it a technique of
choice for studying the recovery of gold by the EDRR process.

In total, 50 cycles of EDRR were carried in both solutions
(Fig. 2) and it shows a clear pattern of the EDRR process.
During ED there was a rapid increase in the deposited mass.
This was followed by a RR step, showing first a sharp decline
and then a moderate growth of the mass. During 50 cycles the
trend shows a clearly increasing change in mass with an
average rate around 9.7 pg cm > h™" in the aqueous solution.
A smaller total mass change was observed in 1:2 ChCl:EG,
with two different rates for mass increase; the average depo-
sition rate dropped from 5.4 ug cm > h™" at the start of the
measurement to 2.4 pg cm~> h™" by the end of the experiment.
This is most likely due to the higher viscosity and lower ionic
conductivity of the DES that causes slower mass transport.>®
Despite this difference, during the RR stage, a mass increase
was observed in both systems, retarding only slightly with the
number of cycles.

Magnification of one EDRR cycle in Fig. 2 shows that it con-
sists of three consecutive electrochemical processes:

- metal deposition during the ED stage resulting in a sig-
nificant surge in mass over a short period of time;

- rapid stripping of metal from the electrode surface as
soon as the potential is switched off and the cell is at open
circuit potential conditions (start of RR step);

3618 | Green Chem., 2020, 22, 3615-3625
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Fig. 2 Variation of mass during one EDRR cycle (10 s ED + 600 s RR) in
aqueous 4.5 M NaCl solution and 1:2 ChCl: EG (60 mM Cu, 0.5 mM Au,
T = 25 °C). Inset: mass change throughout 50 EDRR cycles.

« gradual mass buildup on the electrode via different redox
reactions during the rest of RR stage.

In order to understand this behavior, each of these events
was examined to get the full picture of the reaction mechanism
of the EDRR process.

Metal deposition during ED stage. The value of M/z (mass
deposited by 1 mol of electrons) is a useful parameter when
identifying the electrode processes and examining their
respective efficiencies,”*>° as it indicates whether only one or
several electrochemical processes occur simultaneously at the
electrode surface; this is done by comparing the observed M/z
ratio to the value calculated for a single electrochemical reac-
tion. A good agreement between the observed and theoretical
Mz values suggests that the proposed reaction is prevailing,
whereas differences indicate that other mechanisms can be
taking place in parallel, e.g. redox reactions in the solution,
adsorption and desorption of species on the electrode surface,
changes in double layer structure, and liquid entrapment into
a rough deposit.>”>*

The M/z values obtained for ED from aqueous solution
(Fig. 3a) in all cycles exceed the theoretical value for copper
deposition - denoted with a dotted line - according to eqn
(11), suggesting that more than one reaction take place simul-
taneously. The most likely parallel reaction in absence of other
metals is a co-deposition of gold according to eqn (12):

CuCly(aq) +2¢~ — Cu+2Cl ,M/z=31.8gmol "  (11)

AuCl,” + e~ — Au+2Cl ,M/z =197.0 g mol* (12)

Because the OCP of both solutions lay below the oxidation
potential of gold and hence cannot cause its dissolution, the
extent of gold co-deposition could be approximated from the
difference between mass deposited during ED and mass dis-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) M/z value for the deposit obtained during the ED stage of
each EDRR cycle. (b) Estimated co-deposition of gold from aqueous 4.5
M NaCl (red @) or 1:2 ChCl: EG (blue O) solution with 60 mM Cu and
0.5 mM Au.

solved in the RR step (Fig. 3b), assuming complete copper dis-
solution during the RR step. In both systems the average
amount of co-deposited gold is about 2 wt%, which correlates
well with the composition of the initial solution.

In aqueous solution, the gold co-deposition rate is roughly
constant through the first 10-15 cycles as is the M/z ratio with
an exception for the very first cycle, when the deposition
occurs on the pristine Pt surface. Negative mass change
observed in some cycles implies that more material was dis-
solved than deposited during that cycle, presumably due to
“refining” of the gold accumulated on the electrode surface,
i.e. dissolution of the residual copper that was entrained in the
previous cycles. As the EDRR proceeds over 20 cycles, the
difference between mass deposited and mass dissolved tends
to increase (Fig. 3b), whereas the M/z shows the opposite
trend; this is an indication of a declining faradaic efficiency of
the electrodeposition caused by additional, undetermined side
process(es), for example, nanoparticles adsorption onto the
electrode surface and their further growth via nucleation or
Ostwald ripening.>®*°

While in the aqueous solution the M/z ratio is constantly
above the theoretical line, in 1:2 ChCl: EG it evolves from
18.7 g mol ™" in the 1% cycle up to 36.7 g mol™* in 50™ cycle. In
the early cycles rather low values are detected, due to
decreased deposition efficiency as also non-faradaic processes
occur at the solution-electrode interface, like double layer
rearrangement and displacement of solvent molecules,®">
along with reactions according to eqn (12) and (13):

CuCl,* +2¢~ — Cu+4Cl ,M/z = 31.8 g mol !

(13)

As the EDRR cycling continues, the local concentration of
copper species in the proximity of the electrode rises due to a
slow diffusion rate in 1:2 ChCl: EG. This leads to a lower gold
co-deposition rate (Fig. 3b), but the concurrent increase of M/z
suggests that reduction of cuprous species at the electrode

This journal is © The Royal Society of Chemistry 2020
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(eqn (10), M/z = 63.5 g mol ") starts playing a bigger role in the
ED.

Stripping of the deposit at the start of RR stage. Fig. 4 shows
magnifications of the first minutes of EDRR cycles, when the
deposited copper rapidly dissolves in absence of the applied
potential. Taking into account the composition of the studied
solutions, possible drivers for copper dissolution are:

- redox replacement by dissolved gold;

« reaction with dissolved oxygen in the solution;

« oxidation to copper(1) by dissolved cupric ions.

Although the redox replacement reaction (eqn (14)) is
thermodynamically favored, this reaction is surface limited
and therefore, only copper in the top-most surface layer will be
replaced by gold:

Cu + AuCl,” + ClI~ — Au + CuCly>~ (14)

Moreover, redox replacement will not only dissolve copper
from the surface but also deposit gold on the surface, thus the
net mass change should be positive as gold is heavier than
copper. However, the mass increase at the beginning of RR
stage (Fig. 4c and d) is marginal, hence another mechanism of
copper dissolution is prevailing.

The presence of Cl™ ions in the solution alters the specia-
tion of copper and makes possible its dissolution by cupric
species. This can be deduced from the mass decrease of a
copper-coated QCM crystal placed in different chloride con-
taining media (Table 2). Minor amount of dissolved oxygen
present in the solution under atmospheric conditions facili-
tates the oxidation of metallic copper,® further promoted by
complexation with chloride ions.

The copper dissolution rate in the EDRR experiments (on
average ca. 2700 pg cm~> h™') was close to that observed in
acidic copper-bearing aqueous 4.5 M NaCl solution (Table 2).
Therefore, it can be concluded that the mass drop occurring in
the aqueous solution in the beginning of the RR stage is
caused by the oxidation of copper:

2Cu + CuCly(yq) + 4Cl~ — 2CuCl;*~ (15)

The redox potential of the aqueous solution measured
during the RR (Fig. 4a) indicates a two-step electrochemical
process. First, a dissolution of elemental copper according to
eqn (15) happens at the potential around —0.2 V. This reaction
is limited by the amount of copper on the electrode surface,
which is corroborated by the mass change of the QCM crystal

Table 2 The dissolution rate of deposited copper in different chloride
solutions

Dissolution rate (pg cm™>

Solution h™)

60 mM CuCl, (1:2 ChCl: EG) 2.5
60 mM CuCl, (aqueous) 119.9
10 mM HCI (aqueous) 201.2
60 mM CuCl, + 10 mM HCI (aqueous) 954.4
60 mM CuCl, + 10 mM HCI + 4.5 M NacCl 3289.0

(aqueous)

Green Chem., 2020, 22, 3615-3625 | 3619
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Fig. 4 Measured potential (a, b) and mass change (c, d) during first minutes of EDRR cycles in aqueous 4.5 M NaCl solution (left) and in 1:2

ChCl: EG (right).

(Fig. 4c) - as soon as almost all of copper is stripped, the
potential instantly shifts to a more positive direction. Thanks
to a rapid mass transfer in aqueous solution, the dissolution
time is rather constant in all 50 cycles and it takes about 25 s
before the redox potential of the solution rises to ca. 0.3 V vs.
Ag/AgCl. According to a CV (Fig. 1a), this potential corresponds
to the cuprous/cupric redox reaction (eqn (7)) and implies that
concentration of the copper(u) species increases in the vicinity
of the electrode. Possible cathodic half-reactions are discussed
below. The diffusion of oxidized species towards the electrode
surface leads to a gradual rise of measured potential with
time; however, due to changing with every EDRR cycle both
the electrode surface and the composition of the solution, the
initial OCP of 0.69 V vs. Ag/AgCl will not be reached.

In the 1:2 ChCl: EG solution, comproportionation reaction
(eqn (16)) provides a plausible explanation for the oxidation of
copper at the early RR stage in 1:2 ChCl: EG:**%

Cu + CuCl,*” — 2CuCl,~ (16)

The stability of the copper(r) complex in 1:2 ChCl:EG
together with a slightly lower dissolved oxygen concentration
and hindered mass transport leads to a gradual depletion of
copper(u) species near the electrode with every cycle. As a
result, the copper dissolution is slowed down by an order of
magnitude (from 10 s to 100 s) as the EDRR progresses
(Fig. 4d).

3620 | Green Chem., 2020, 22, 3615-3625

Mass accumulation during the RR step. The mass increase
in the later stages of RR is attributed to the gold recovery.
Naturally, some redox replacement will contribute but typically
it takes place only on the surface layers and cannot fully
explain the high increase of mass observed during the RR
step. Therefore, an additional mechanism for gold recovery
and constant mass increase needs to be explored.

The potential used in the EDRR (—0.35 V vs. Ag/AgCl) is by
design’ selected such that hydrogen evolution does not
occur, so the reduction of gold by hydrogen is prevented.
This was also verified by an additional EDRR experiment
which was performed without copper in solution but using
the same ED potential. The mass change during the EDRR
cycles is shown in Fig. S1 in the ESL{ In RR step no mass
gain were observed, which means that copper plays a crucial
role in mass accumulation. It was previously reported®®®’
that under certain conditions cuprous ions may cause
homogenous reduction of dissolved gold to its metallic state
(eqn (17)), which provides a conceivable reason for such con-
stant increase of mass on the electrode in addition to
cementation:

AuCl,~ 4 CuCl3*” — Au + CuCly(yq) + 3C1~ (17)

It is worth noting that if copper in aqueous solution is
present only as its monovalent chlorocomplex, steady gold

This journal is © The Royal Society of Chemistry 2020
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mass buildup begins even without any potential applied to the
electrode.®” This was experimentally demonstrated in a
measurement, where copper(i) chloride was added to solution
instead of copper(u) chloride salt (Fig. S2). Also, the mass
increase is observed at the deposition rate of 19.6 pg cm™> h™,
which is more than double of the rate measured in a copper(u)
solution due to increased amount of cuprous ions available.
This finding emphasizes the essential function of copper()
ions for the recovery of gold from the aqueous solution, and
the fact that in EDRR copper(i) can be generated electrochemi-
cally - rather than through chemical addition - highlights the
versatility of this method. Moreover, previous research has
shown that cuprous species are more stable in concentrated
chloride media when compared to dilute solutions, both in
aqueous systems®®®® and in deep eutectic solvents,”®”" which
can further promote the role of copper(i) in gold recovery.

Electrogravimetric measurements alone, however, cannot
conclusively interpret the mechanism in details, and RRDE
amperometry is often used to define the reaction paths and
determine the rates of competing chemical reactions.”*”?
Additional generator—collector experiments with RRDE were
performed in aqueous chloride solution for definitive verifica-
tion of the role of copper(i) complexes in the gold recovery
process (Fig. S37).

The disk electrode, after a short copper deposition period,
was set to the copper dissolution potential (0.1 V vs. Ag/AgCl)
while the ring was constantly maintained at the copper(i)/
copper(u) oxidation potential (0.65 V vs. Ag/AgCl), so that
anodic current observed on the ring electrode indicates the
cuprous/cupric reaction. Apparent collection efficiency (Fig. 5)
of the ring electrode is smaller than the theoretical efficiency
(N = 21.8%) either with or without gold in solution, and this
suggests that a parallel chemical reaction, which does not
involve gold, is consuming copper(i) species. In copper chlor-
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Fig. 5 Apparent collection efficiency of the ring-disk electrode as a
function of rotation speed in aqueous 4.5 M NaCl solution.
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ide solution, this could be due to oxidation of copper(i) to
copper(u):

1 1
CuCl;2™ + Zo2 +H' — CuClyq) +Cl™ + EHZO (18)

In the presence of gold in the solution, the apparent collec-
tion efficiency is approximately 30% lower, showing that
cuprous ions are also consumed for the homogenous
reduction of gold (eqn (17)). Further decrease in collection
efficiency at faster rotation speed is related to a better aeration
of the solution and much improved mass transfer of oxygen;
more cuprous species are oxidized according to eqn (18) and
hence are not detected at the ring electrode. Therefore, it can
be concluded that both redox replacement at the electrode
surface and reduction of gold by copper(1) species in solution
volume are the reasons for the mass increase on the electrode
during the RR step with the latter one being prevalent.

Process efficiency

The efficiency of the overall EDRR process was estimated
through the amount of gold recovered from either the aqueous
chloride solution or 1:2 ChCl:EG after 50 cycles of EDRR.
The quality of the obtained product is also shown in the
Table 3. A particularly high selectivity is achieved for gold
recovery from the aqueous solution with the purity of the
cathode product close to 95%. A small amount of oxygen was
detected on the surface, which is most likely because of its oxi-
dation in contact with air. The SEM micrographs (Fig. 6) high-
light the difference in the quality of the obtained deposit. The
EDRR process carried out in aqueous solution resulted in a
granular morphology with fine gold particles (ca. 10 nm) dis-
tributed over the surface. These particles also appear to aggre-
gate into larger clusters up to a few um in size. Irregular
surface coverage could be partly a result of the nanoparticle
growth through coalescence and recrystallization of neighbor-
ing nuclei particles.”*”>

In 1:2 ChCIl:EG, on the other hand, the coating was
smoother, though very uneven in chemical composition. The
surface was covered with a thin film composed mostly of gold,
but occasionally incorporating some amount of copper. Also,
the EDX analysis of the deposit (Fig. S41) showed significant
levels for carbon as a result of solvent being trapped inside the
deposit. Few micron-size gold particles occur sparingly across
the surface as well, often surrounded by a halo of organic sub-
stances. Poor gold recovery from the 1:2 ChCl: EG in compari-

Table 3 Metal recoveries and composition of the final deposit

Recovery,

wt% Content in the deposit?, at%
Solution Au Cu Au Cu o C
4.5 M NaCl 94.4 0.10 93.7 1.4 5.0 —
1:2 ChCl: EG 13.9 0.18 22.5 2.3 9.2 66.1

“Excluding Pt background from working electrode.
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Fig. 6 SEM images of electrode surface after 50 cycles of EDRR in aqueous 4.5 NaCl solution (left) and in 1: 2 ChCl: EG (right).

son to aqueous solution is due to the mass transport limit-
ations. The effect of restricted mass transport could be over-
come by mixing or heating the solution. Nevertheless, the
copper content in the final product obtained from both solu-
tions is rather low at about 2 at%, implying effective gold
enrichment and selective dissolution of copper during the RR
step.

In conventional gold recovery processes, the purity of gold
cathodes exceeds 99% with traces of other elements found
only at a ppm level.”®”” This is achieved by passing the leach-
ing solution through a sophisticated process flowsheet that
includes several concentration and purification operations,
such as carbon adsorption/ion exchange and elution prior to
electrochemical recovery by electrowinning.”® By using EDRR
instead, gold can be recovered in one stage directly from
complex impure process solutions, with remarkable selectivity
and acceptable purity for further refining to the bullion grade.
The energy consumption is nearly the same in both cases,
11.6 kW h kg™ in aqueous solution and 9.7 kW h kg™ in 1:2
ChCl: EG, which falls in the range of the values achieved in
the state-of-the-art industrial processes.””®® However, the
higher gold recovery and purity of the product make the
aqueous chloride solution preferable medium for the selective
recovery of gold by EDRR process.

Discussion

Based on the results of EQCM study and RRDE measurements,
the reaction mechanism of the EDRR process in aqueous
chloride solution is outlined as follows:

» during the ED stage, copper is deposited at constant
potential on the electrode together with a minor amount of co-
deposited gold - eqn (11) and (12);

« when the current is switched off (early RR stage), the de-
posited copper starts to dissolve through the reaction with
copper(u) species in the solution (eqn (15)), facilitated by low

3622 | Green Chem., 2020, 22, 3615-3625

pH, dissolved oxygen and high concentration of chlorides;
also, the redox replacement reaction according to eqn (14)
occurs on the surface to a certain extent;

« at the same time, gold is continuously reduced through-
out the RR stage by the reaction with cuprous species (gener-
ated from the dissolution of deposited copper) in the vicinity
of the electrode surface (eqn (17)) and precipitated onto the
working electrode.

In 1:2 ChCl:EG, the process follows a similar route,
although some of the reactions are different due to the distinct
physicochemical properties of the solvent; for instance, the
driving force of copper stripping (the presence of cupric ions
in the vicinity of the electrode surface) and the hindered kine-
tics due to the poor ionic conductivity in 1:2 ChCl:EG.
Therefore, gold recovery takes place via both the homogenous
reduction in solution followed by precipitation and the redox
replacement at the surface, and the open circuit conditions
(RR stage) between electrodeposition steps is a necessity for
both reaction pathways.

The role of fairly stable intermediate copper(i) species in
the process investigated makes the copper—-gold chloride
system rather atypical from the EDRR perspective, and it is
debatable as to whether such reaction processes should be
referred to as EDRR rather than pulse electrodeposition fol-
lowed by an open circuit potential step (ED-tocp). Indeed, the
pure redox replacement action was reported for metal couples
like platinum/lead,®" platinum/nickel®* or silver/zinc.®® The
common feature of these systems is that the sacrificial metal
(either nickel, lead or zinc) can be present in the solution only
in one oxidation state, i.e. “+2”. As a consequence, when the
sacrificial metal dissolves from the electrode surface, it does
not form intermediate species, and therefore no reduction of
valuable metal (silver or platinum) occurs in the solution
volume. Other elements with similar behavior, such as tin,
arsenic or bismuth were also shown suitable as sacrificial
metals in EDRR process for recovery of valuable metals from
hydrometallurgical process solutions.®*

This journal is © The Royal Society of Chemistry 2020
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The copper(i) species involved in the homogenous
reduction of dissolved gold are produced almost exclusively
through dissolution of previously electrodeposited copper with
a tiny fraction of cuprous chlorocomplexes also formed during
short ED step by a one-electron reduction of copper(i) species
(egn (7)). The excessive charge applied to the system to reduce
copper to its elemental state therefore seems to be “wasted”,
and the energy consumption of the overall gold recovery
process is high. The energy efficiency might be improved by
producing copper(r) at lower overpotential, i.e. without actual
copper deposition. Also, the optimization of the RR time may
further minimize the diffusion of copper(1) species out of the
reaction layer, although consequently decreasing the local con-
centration of dissolved gold species. Nevertheless, the copper
layer deposited on the electrode surface during the ED step is
shown to make a contribution (however small it is) to ensuring
the adhesion of gold nanoparticles to the substrate. In the
studied copper-gold chloride system, the redox replacement
cannot be totally excluded even if the major contribution of
gold recovery arises from the dissolution of the electrodepos-
ited copper as cuprous chlorocomplexes, followed by hom-
ogenous gold reduction in the liquid phase by the same
copper(1) species. These results clearly highlight that the
process, which involves a short deposition step followed by an
extended time at OCP, results in a dramatic increase in the
rate of gold extraction.

If there were no species in the intermediate oxidation state
formed in the process, the homogenous reduction of gold in
the solution would not occur, and thus only redox replacement
at the solid/liquid interface would contribute to the gold recov-
ery. This was observed in the 1:2 ChCl: EG solution, in which
the copper(i) species are fairly stable and do not tend to
oxidize further to cupric chlorocomplexes, hence the extent of
homogenous reaction of dissolved gold with copper was
minimal. Another way to ensure that redox replacement reac-
tion prevails over precipitation is to use an alternative sacrifi-
cial metal that exists only in one oxidized state in the solution
like silver, tin or bismuth. Unfortunately, in a majority of
industrial applications it is not always possible to tailor the
solution composition prior to the metal recovery since this is
governed by the upstream processes.

From an industrial perspective, the EDRR process could be
applied to recover gold from process streams that contain gold
in minor amounts with respect to a base metal, like copper.
Usually, such solutions result from the hydrometallurgical
treatment of gold ores and concentrates,*>®® recycling of elec-
tronic scrap,®”®® leaching of anode slimes,***° or refining of
platinum group metals (PGM).°"°> Depending on the origin,
the solution will have various impurities that can influence the
EDRR process. For example, effluents from PGM refineries
contain residual amounts of dissolved platinum and palla-
dium, which would reduce together with gold because of close
values of standard electrode potential (0.755 V and 0.591 V for
platinum(v) and palladium(v) chlorocomplexes, respect-
ively).”? Similar behavior is expected for other metals with
standard reduction potentials that fall in the range between

This journal is © The Royal Society of Chemistry 2020
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those of gold and copper, e.g. silver, antimony, arsenic. These
metals will end up in the cathode product and potentially
lower its purity. On the other hand, with skillful tailoring of
the electrochemical parameters, these metals can act as the
sacrificial elements for further recovery of the most noble
element. This was previously suggested to occur in nickel-rich
sulfate solution, as copper and nickel replacement was domi-
nated by silver, but with increasing number of EDRR cycles
platinum further replaced silver on the electrode surface.'*
Any elements that reduce at potentials more negative than
copper do not have any detrimental impact on the EDRR
process of gold recovery. However, special attention needs to
be paid to iron, which is a typical impurity in ore leaching. In
aqueous chloride solutions, iron - like copper - can be present
in two oxidation states, either as di- or trivalent species.
During the ED step of the EDRR process, iron(u) is reduced to
iron(u), thus consuming some electric charge and decreasing
the current efficiency.®” In the RR step, the effect of iron is
two-fold: ferric ions acting as an oxidant would enhance dis-
solution of the deposited copper and improve the purity of the
gold deposit;'* at the same time, ferrous ions may reduce dis-
solved gold in chloride media by a homogenous reaction,
which increases overall recovery of gold from solution.’*

Conclusions

Although the reaction pathway outlined is specific for the
copper—gold chloride system investigated, this study reveals
the crucial, beneficial roles of both the open circuit steps and
other elements present in industrial solutions when it comes
to metal recovery. Also, gold reduction in a solution does not
exclude redox replacement reaction at the surface, but instead
the possibility of both reaction routes increases the overall
efficiency and can thus lead to a sustainable gold production
from solutions containing only minor concentrations of a valu-
able metal. Both of these factors could - and should - be fully
exploited in the extraction of other metals as they increase the
efficiency without any additional chemical or energy consump-
tion, which is in line with the green engineering principles.
Overall, the EDRR process from aqueous solution appeared to
be advantageous over deep eutectic solvent due to enhanced
mass transfer and better-quality deposit. On the downside, a
too rapid dissolution of copper at the start of the RR step may
result in poor current efficiency and higher energy consump-
tion. The power consumption of gold recovery achieved in this
study was of the order of 10 kW h kg™ from a solution con-
taining only 0.5 mM Au, with the recovery efficiency of 95%,
and this result is indeed a solid proof of the EDRR method’s
potential as an industrial gold extraction technology.
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